Abstract -This paper proposes a method for balancing a virtual inverted pendulum through Internet based on the prediction of jitter of Internet one-way time delay. The sparse multivariate linear regression method is used to give prediction on Internet time delay jitter The remote virtual pendulum can be controlled with an identical virtual pendulum model displayed on the screen of the master site, which is updated according to historical commands transmitted to the slave site and Internet jitter prediction results. In the experiments, operators succeed in balancing the remote virtual pendulum through the Internet, which demonstrate the effectiveness and prospect of the proposed Internet based control method.
I. INTRODUCTION
Internet based teleoperation is one of the most challenging domains of robotics, which means the action performed through Internet where the operator at the master site can control the remote system at the slave site. From conventional applications in the space, underwater to new concepts such as tele-surgery and tele-learning, Internet based teleoperation systems have been employed in medical applications, remote maintenance and monitoring and etc., government agencies are also utilizing remotely controlled devices to improve human security [1] , [2] , [3] . However, due to the variable network structure and its imbalanced distributed data flows, the Internet uncertain time delays still remains one of the most challenging and distinct difficulties. Internet uncertain time delay would degrade system performance greatly or even lead to instability if they were not considered appropriately.
To overcome these problems and to enhance system performance, most endeavors have been devoted to developing remote control strategies. Anderson et al. [4] proposed the scattering theory to bilateral teleoperation and put forward a passive control to guarantee stability and transparency of the teleoperation system with time delay. G. Niemeyer et al. [5] exploited the energy flow theory and maintained system stability under arbitrary time delay conditions. N. Xi and T. J. Tran [6] , [7] , [8] proposed the event-based method to get synchronized between master and slave site. Since the new action reference is not directly related to time variable, synchronization and stability of the system can be guaranteed. Based on the event-based control strategy, X. M. Li put forward a hybrid event based control architecture for telerobotic systems. This framework does not require every part of the system to be strictly event synchronized [9] . Operators change the master device input only when force and position thresholds are overcome or when the communication in a robot teleopertion system is interrupted. However, it is hard to select an event reference variable and the network resource can not get sufficient development and exploration.
Virtual reality technique has also been exploited to deal with the problem of time delay. A virtual environment model is established at the master site, and the predictive display is provided to the operator from virtual model. Sheridan [10] developed a telemanipulator predictive display system, in which the computer generated virtual telemanipulator overlaid on top of a delayed live video of the slave manipulator.
Operators interacted with virtual model to predict what would happen at the slave site. Li [3] put forward a friendly human machine interface and compensated time delay in the process of teleoperation. Unfortunately, the exact match between virtual model and real system can never be guaranteed, which would make perfect performance of teleoperation impossible. Virtual environment based technology has also been successfully utilized in ETS-7 [11] , ROTEX [12] . However, the virtual environment based technology depends strongly on the accuracy of the virtual environment. As a result, the dynamical properties of the environment must be identified online and the corresponding parameters in the virtual model should be updated. H. J. Li et al. [13] built a geometric and a dynamic model of the environment at the local site, in which the parameters of the model were correlated online according to real information from the remote slave system.
In a real teleoperation system, the slave system receives commands in an aperiodic manner due to the Internet random time delay. The slave system operates as soon as certain control command is received, and the arrival of the next command will terminate the execution of the current command. Once Internet jitter can be precisely estimated, the virtual system at the master site would provide a good estimation of the slave system based on the historical commands issued from the master site and the prediction results on jitter of Internet one-way time delay. In this paper, balancing of inverted pendulum through Internet based on prediction of jitter of Internet time delay is investigated. This paper is organized as follows. In section II, system structure will be introduced. Section III gives the dynamic models for the slave system and the virtual system at the master site. Predication method for jitter of Internet time delay will be presented in section IV. Experimental results are introduced in section V. Conclusions are summarized in section VI.
II. SYSTEM STRUCTURE
The structure consists of user interface, jitter predicator, communication media, and the slave system, as illustrated in Fig. 1 . When connection between the master site and the slave site is established, the operator sends command packet to the slave system at a regular time interval while observing the state of virtual system. The slave system receives commands at irregular time interval due to uncertain Internet time delay. To implement the proposed control strategy, the TCP is selected as the communication protocol, since TCP includes reliability features as error recovery, reordering.
A. User Interface on Master Site
A virtual inverted pendulum is constructed with OpenGL on Windows XP operating system, which is used as the slave system and the virtual system at the master site. The 3D model of the pendulum is firstly constructed in 3DS Max and then the 3ds file is converted into .gl and .h file. In this way, the slave system and virtual system on master site is established with Visual C++ and OpenGL. On the other hand, a Microsoft Force Feedback 2 joystick is employed in this system as the input device. It has an onboard 16-bit processor running at 25MHz. This processor handles all the force effects. Communication with host-PC is realized by the USB interface, at a speed of 31kbaud. The user interface is shown in Fig. 2 .
In order to implement the prediction of the future state of slave system and present it on virtual system, actual state of slave system and the corresponding command should be sent back together from the slave site. Furthermore, the difference between the number of date packet issued from the master site and the number of feedback packet should be recorded. To achieve the purpose mentioned above, data packets used for communication between the master and slave site are identical. The structure of data packet is shown in Fig. 3 . State update of the virtual system is described as follows. Suppose that the sequence number in the current feedback packet is i , and the sequence number in the latest data packet sent to the slave site is i N + , then the virtual system at the master site should generate an appropriate estimation of the slave system, which reflects the state of slave system when command ( ) 
where 0 1 k N ≤ ≤ − , ( ) f ⋅ denotes one-step state estimation method. The estimation process is triggered by the arrival of feedback packet, i.e. once feedback packet ( ) I i arrives at the master site, estimation process of ( )
logic of command sequence and feedback sequence is shown in Fig. 4 . 
B. Slave System
The slave system is identical to the virtual system at the master site. However, it is an event driven system, i.e. when a certain command packet ( ) 
C. Jitter Predicator
In this work, jitter of Internet one way time delay is defined as the difference between timing intervals during which commands are executed and the timing interval at the master site. As shown in Fig. 1, if 
The jitter predicator component in Fig. 1 is used to predict jitters of Internet one way time delay which determine time intervals during which future commands are executed. The virtual system displays the future state of the slave system according the prediction results and historical commands. Prediction algorithm will be introduced in section IV.
III. DYNAMIC MODELS FOR INVERTED PENDULUM
The virtual inverted pendulum serve as the slave system and as the virtual system on the master site.
A pendulum model can be described as ( ) 2 cos sin J ml mlx mgl θ θ µθ θ
where m represents pendulum mass, l is the distance from rotation axis to the centre of gravity of pendulum, x represents the cart position, and θ is the angle of pendulum from vertical line. µ is the damping coefficient of pendulum, 2 / 3 J ml = is the moment of inertia of the pendulum around its centre of gravity, g is the acceleration of gravity.
From ( 
For the inverted system (5), the numerical solution based on the forth order Runge-kutta method can be obtained as (5) can be derived from velocity data through difference method.
( ) 
IV. PREDICTION OF JITTER OF INTERNET ONE-WAY TIME-DELAY
Jitter predicator plays the role of estimating variations of execution time of command on the slave site according to historical jitter data. The sparse multivariate linear regression method is used to estimate Internet jitter.
A regression equation is given as follows
where 
Equation (9) can be further expanded as
where ( )(
Finally, we get the estimation equation as
where ε is the statistical value.
In order to make appropriate selection of packet arrays from slip window, the correlation between each i x and y will be exploited as a standard. Packet arrays in the slip window with strong correlation with y would be included in X . The idea is presented as follows. Given the slip window When a new jitter value has been obtained, the slip window slide ahead one step, and the regression coefficients are updated as in (11) .
V. EXPERIMENTAL RESULTS
The experiment is completed between Qinhuangdao and Shenyang. The master system is located at Qinhuangdao, with computer IP address 172.16.18.145. The slave system is located at Shenyang, with computer IP address 210.72.140.11. Timing interval on master site is 43 milliseconds and virtual system is displayed on the master computer screen. The model parameters are listed in Table I . Fig. 6 shows command sequence number on the slave site. It is obvious that there is no disorder in the command sequence which indicates that order of data packet can be guaranteed under TCP protocol. Figure 7 and 8 illustrate the system uptime on the slave and virtual system respectively, which indicate that the sparse multivariate linear regression method can be used to give a better estimation for jitter of Internet one way time delay, even the jitter value change rapidly. Fig. 9 illustrates the number of buffered data packet on the Internet. Fig. 10 to 14 provide the cart position, velocity, acceleration, and pendulum angle, angular velocity of the master, virtual system at the master site and the error between them. These figures indicate that the proposed control strategy is effective.
VI. CONCLUSIONS
This paper proposes prediction based method for balancing a virtual inverted pendulum through Internet. The remote virtual pendulum has been controlled with an identical virtual pendulum model displayed on the screen of the master site, which is updated according to historical commands transmitted to the slave site and Internet jitter prediction results. The sparse multivariate linear regression method is used to give prediction on Internet time delay jitter. In the experiments, operators have succeeded in balancing the remote virtual pendulum through the Internet, which demonstrate the effectiveness and prospect of the proposed control method. Future works will focus on the comparasion between the proposed method and existing control method. 
